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Shakeoff of the Vacuum Bolarization in Quasimolecular Collisions of Very Heavy Ions*
The theory of direct electron-positron pair production in the collision of heavy ions i s formulated in the framework of the quasimolecular model. The pair production process acquires a collective nature for (Z1 +Z,)cu; 1 and can be understood a s the shakeoff of the strong vacuum polarization cloud formed in the quasimolecule. The total Cross section is, e .g., 76 l b for Pb + Pb at Coulomb b a r r i e r energies.
Quantum electrodynamics has up to now been tested only in weak fields (Za < 1) and a t short distances between charged particles. F o r very strong electrostatic fields, if extended over a larger volume of space, a fundamentally new process occurs: the decay of the neutral vacuum into a charged vacuum. 1 -3 This situation can be realized if two heavy nuclei a r e close together acting combined a s a superheavy molecule o r atom.
In this Letter we investigate the effect of timevarying, very strong electric fields, which appear during the collision of very heavy nuclei. This leads to another new effect of quantum electrodynamics, namely a collective type of electron-positron creation, due to the coherent action of the strong, extended time-dependent electric field.
Electron-positron pair production (like electron excitation) in heavy-ion collisions i s best described in the framework of the quasiadiabatic molecular modela4 One s t a r t s from a complete s e t of the stationary two-center Dirac equation5
~1 .~)
The time-dependent collision is described in the semiclassical approximation by introducing a definite time dependence R = ~( t ) . The p a r t of the time evolution operator not prediagonalized by Eq. (1) i s then expressed a s 7
The initial electron configuration i s specified by a s e t F of occupied states, where F includes all states of the negative energy continuum (definition of the vacuum) and a l l occupied bound states.' The state vector of this configuration will be denoted by 1 F ) . During the collision, electron-positron configurations a r e excited. Since Eq. (2) i s a single-particle operator, we can restrict the basis in first order to one-electron-one-positron excitations. The time-dependent state vector of the system can then be writ- This expression differs from the conventional formulation of pair production in a n external electric field, Rang and Hansteen,' e.g.. consider the incident particle a s the source of a perturbing potential which provides the energy necessary for pair creation. In this way, the pair production i s connected with the imaginary part of the photon propagator. In our formulation. however, the total zero-frequency part of the electromagnetic potential i s diagonalized in the molecular basis. Therefore, the standard methods of quantum field theory in the interaction picture do not apply. In order to obtain a representation oi the pair production process which i s independent of the specific basis functions Y , , we introduce the time-dependent density matrix
One verifies by straightforward calculation that
The total number of excited particle-hole pairs N ph after the collision is obtained by summing over i and j. We introduce the density matrices p+ of occupied (positron) and p, of vacant (electron) states by the charge-symmetrized density matrices P =Sb+ -P-), and P =ab+ +P-). The integrals in Eq. (7) can be interpreted a s trace in the coordinate representation, and we can write in matrix formulation:
The last form of Eq. (9) clearly exhibits the nature of the process: the slzakeoff of vacuum polarization and of bound electrons. Namely, P can be decomposed into the vacuum polarization charge density matrix and a contribution from the bound electrons:
The term involving P is independent of the initial electron configuration and serves to regularize the divergent expression involving E . The meaning of Eq. (9) is illustrated in Fig. 1 : The usual two-photon pair production diagram1° is shown in Fig. l(a) ; the process described by the theory outlined in this paper is depicted in Fig. l(b) . Because (2, +Z2)o! > 1 in the collision of very heavy nuclei, infinitely many interactions with the combined electric field of both nuclei must be taken into account. In this sense, Fig. l(b) stands for an infinite series of Feynman diagrams like Fig. l(a) . By coherent summation of these diagrams the virtual photon field acquires a collective nature. For Z, +Z2« U -this collectivity is small, meaning that the pair production is well described by diagram l(a). However, for (2, +Z,)ai > 1 the collective effect becomes dominant. This is expressed in the Z dependence of the total cross section: The lowest-order diagram [ fig. l(a) ] increases a s Z4, whereas in the superheavy region at constant ion velocities the dependence is approximately Zn, with n -18. This immediately sheds light on the average number of photo11 interactions in the production process. To evaluate Eq. (5) numerically, it is useful to integrate by parts, yielding
We have applied standard m e t h~d s~"~ to replace the a/aR matrix element. For R(t) we have pre-Iscribed Coulomb trajectories. It is sufficient to keep only states with angular momentum j =$ (i.e., K =* 1) in Eq. (11) because matrix elements with higher angular momentum states a r e smalle r by at least one order of magnitude. This is analogous to vacuum polarization in heavy atoms.12 For these states the matrix elements peak strongly for small values of R . Therefore, they can be calculated in the monopole approximation where a blow-up nucleus of radius SR is substituted for the true two-center potential. The e r r o r was shown to be small up to R -400 fm in an earlier
Letter.6 Larger values of R do not contribute significantly to the pair production (less than 2%). Integration of Eq. (9) over impact parameters yields the final cross section Table I shows the total pair-production cross section for symmetric collisions with a total nu- clear charge L =L, +Z" at ion energies so that the distance of closest approach is always 16 fm. U,+,-is Seen to increase rapidly with 2. The energy spectrum of the created positrons and electrons is shown in Fig. 2(a) for a Pb+ Pb collision ( 2 = 164). The main difference between the electron and the positron distribution, viz. the behavior at small energies, is explained by the Coulomb repulsion of the positron states. The positron distribution peaks at Ca. 400-keV kinetic energy with d a / d~, -0.1 pb/keV. Also more highenergy positrons than electrons a r e produced.
The impact-parameter dependence of pair creation is plotted in Fig. 2 nuclei should be minimal in this case. The shakeoff of the vacuum polarization cloud, which is a collective type of e f e-creation, is a new process of quantum electrodynamics. It is-so to speak -the real setting-free of vacuum polarization charges due to the Fourier frequencies in the collision.
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'~h e vector potential arising from the nonadiabaticity of the quasimolecule has been neglected. The transv e r s e current 7-( 4 n ) -'~4 is by a factor v/c -0.1 smaller than the charge density p , i.e., the effective magnetic coupling constant i s only Z u v / c a s compared to the electric Zcr.
'P. G. Reinhard, W. Greiner, and H. Arenhövel, Nucl.
Phys. M , 173 (1971 We report first measurements of photomagnetic positronium quenching in argon, nitrogen, and a i r at atmospheric pressures containing small concentrations of benzaldehyde o r SO" which have metastable triplet states. The large c r o s s sections a r e similar to those observed in solidsl and pose intriguing new questions with regard to the quantum theory of excited molecular spinstate interactions with leptonic atoms. This work may have implications for research on gas pollution and, in particular, on H2S0, formation via the photodynamic oxidation of SO, to SO, in air.2 Suppose a gas contains a small concentration, C , of molecules o r atoms in electronic singlet ground states (S = 0) that can be excited by light to populate metastable paramagnetic triplet states T* (S = 1) at a steady-state concentration cT <<C. When o-PS (orthopositronium; spin quantum number S = 1) interacts with T*, it can be quenched by spin conversion into P-PS (parapositronium; S = 0) with efficiency cr, , andp-PS quenched into o-PS with efficiency a" by spin flip correlated with the quenching of T*,' o r possibly by chemical binding of o-PS to the excited molecule. In solids, the o-PS lifetime i s only 2 times longer than that of positrons in other states (1 nsec versus 0.5 nsec). In gases, it i s -100 times longer (100 nsec versus 1 nsec). Therefore the "positron method" ought to be more sensitive for the detection of photomagnetic impurities through o-PS quenching in gases than in solids. The results reported here bear this out.
The experiments were performed a s follows. A cylindrical copper chamber with length L of 25 cm and diameter of 10 cm was closed at one end by a copper plate which held the positron source, consisting of 5 pCi "Na deposited on an Al backing. The other end consisted of a quartz window
